Introduction {#s0005}
============

Recently, a protein-truncating *HSD17B13* variant (rs72613567) was shown to protect individuals from alcoholic and non-alcoholic liver disease.[@bb0005] The association of the T \> TA variant with non-alcoholic steatohepatitis and liver fibrosis has been confirmed by independent studies.[@bb0010], [@bb0015] *HSD17B13* encodes hydroxysteroid 17-β dehydrogenase 13, a protein involved in the regulation of lipid biosynthetic processes and that has enzymatic activity for several bioactive lipid species implicated in lipid-mediated inflammation. HSD17B13, an isoform of 17 beta-hydroxysteroid dehydrogenase is highly expressed in the testis and in the liver.[@bb0020] Rare variant single nucleotide polymorphisms in *HSD17B13* also affected the lipid lowering effects of fenofibrate.[@bb0025]

The novel HSD17B13 isoform encoded by the protective allele is catalytically defective against estradiol.[@bb0005] Molecular analysis and recent proteomic studies identified HSD17B13 as a novel liver lipid-droplet associated protein.[@bb0030] Recent functional studies demonstrate that the rs72613567 is indeed a loss-of-function variant, since an adenine (A) insertion in the coding gene region (chr4:87310241, GRCh38.p7) adjacent to the donor splice site of exon 6 results in a frame-shift causing premature truncation of the HSD17B13 protein.

These observations may also be relevant in Wilson's disease (WD). The variable phenotypic presentation of WD (for extensive discussion see [@bb0035]) cannot be explained by the type of *ATP7B* mutation alone.[@bb0035] The factors independent of copper accumulation leading to disease progression and to cirrhosis development are unknown. Since hepatic steatosis is also a common feature in WD,[@bb0040] we explored whether the HSD17B13 variant might play a role in the phenotypic presentation and progression of WD.

Patients and methods {#s0010}
====================

DNA was available from 585 index patients included in the published phenotype-genotype database[@bb0035] (for demographics see [Table 1](#t0005){ref-type="table"}). Referring physicians provided information regarding the patient's history, the time of onset of symptoms (hepatic, neurologic; presence of Kayser--Fleischer rings), the date of diagnosis, and laboratory findings (serum ceruloplasmin, 24 h urinary copper excretion, liver biopsy (n = 404) and hepatic copper content \[available in 222\]). Diagnosis of WD was based on the Leipzig score.[@bb0045], [@bb0050] The *ATP7B* genotype was determined as described previously. Only data of patients with a confirmed diagnosis of WD by Leipzig score ≥ 4 were used for analysis. The degree of fibrosis (F0-F4) and steatosis was calculated from the description of the local pathologist.Table 1Demographics.Table 1***HSD17B13* genotypeAllT/TTA/TTA/TA**N586348 (59.4%)203 (34.6%)35 (6.0%)Male/female302/284176/171103/10022/13Mean age at onset (yr)19.619.120.121.3Presentation Fulminant WD42 (7%)33 (80.5%)8 (17.1%)1 (2.4%) Hemolysis26 (4.5%)16 (61.5%)8 (30.7%)2 (7.7%) Non-cirrhotic + compensated cirrhosis306 (52.4%)166 (53.9%)122 (39.9%)19 (6.2%) Decompensated cirrhosis27 (4.6%)16 (59.3%)9 (33.3%)2 (16.7%) Neurologic184 (31.5%)117 (63.6%)56 (30.4)11 (6.0%)Liver histology available404 Cirrhosis2141307014 Fibrosis (F2/F3) ± steatosis7649234 Chronic hepatitis[⁎](#tf0005){ref-type="table-fn"}4529133 Steatosis ± mild fibrosis4921262 F0, with minimal or no changes20992*ATP7B* mutation H1069Q/H1069Q156102459 H1069Q/other159935610 H1069Q/?5935222 Other homozygote5734176 Other compound heterozygote9552394 Other/?6033234[^1]

Patients signed an informed consent according to local law requirements. All data (including clinical, demographic and test results) were coded and deposited in the master database. The internal review board of the Medical University of Vienna approved this retrospective analysis (\#1372/17).

Definition of phenotype {#s0015}
-----------------------

The age of onset and the type of symptoms at presentation were used as markers of WD phenotype. In patients with both hepatic and neurologic symptoms of disease, the first symptom observed was used to define the phenotype, even if the diagnosis was made much later when other problems were present. Hepatic presentation was subcategorized as fulminant (acute) WD with coagulopathy and hepatic encephalopathy with or without Coombs negative hemolytic anemia, as an independent presentation of Coombs negative hemolytic anemia (occurring in a previously asymptomatic individual without fulminant liver failure and which resolved spontaneously or following treatment with chelation therapy), as decompensated cirrhosis (if it occurred in a patient with known preexisting liver disease) while the remaining patients were classified as having compensated chronic liver disease without Coombs negative hemolytic anemia.

*HSD17B13* genotyping assay {#s0020}
---------------------------

The *HSD17B13*:TA (rs72613567) variant was determined by allelic discrimination real-time PCR. The assay was validated by Sanger sequencing in 30 normal controls with different *HSD17B13* genotypes.

Statistics {#s0025}
----------

Statistical analyses were performed with commercially available software (SigmaPlot 13, Systat Software, San Jose, CA, USA). Categorical variables are given as absolute (n) and relative frequencies (%). For comparison of continuous variables, the Student's *t* test and the non-parametric Mann-Whitney *U* test was used, as appropriate. Comparison of categorical variables was performed with Fisher's exact test.

Results {#s0030}
=======

The demographic characteristics of the investigated patients are summarized in [Table 1](#t0005){ref-type="table"}. The overall *HSD17B13:*TA allele frequency in the patients with WD was 23.5%, comparable to published data in Caucasians.[@bb0005]

Fulminant WD {#s0035}
------------

Regarding the phenotypic presentation, there was a significantly lower *HSD17B13:*TA allele frequency in patients with fulminant WD compared to all other groups (see [Fig. 1](#f0005){ref-type="fig"}). Among the patients with fulminant WD there was a trend for a gender effect. While none of the male patients carried the *HSD17B13:*TA allele, 7 of the 33 female patients were *HSD17B13:*TA heterozygous and one was even a homozygote (allele frequency: 13.6%, *p* = 0.07). Eighteen of the 26 patients with hemolysis underwent liver biopsy and 12 had cirrhosis (66.6%). As expected, 38 of the 41 patients with fulminant WD underwent high urgency liver transplantation and 3 died before a graft was available. A total of 35 of the transplanted patients had cirrhosis (92.3%) and 3 advanced fibrosis. Most of the patients who developed fulminant WD had associated Coombs negative hemolysis, but had more advanced liver disease than those not needing transplantation.Fig. 1***HSD13B17*:TA allele frequency according to phenotypic presentation in 584 patients with Wilson's disease.** \*\**p* \< 0.001 *vs*. non-fulminant liver disease, \**p* \< 0.05 *vs.* neurologic presentationFig. 1

Fibrosis {#s0040}
--------

*HSD17B13:*TA allele frequency (31.1%) was more common in patients with fibrosis staging 0-1 (49 had simple steatosis and 20 minimal changes at biopsy) than in patients with cirrhosis or advanced fibrosis (22.3%, *p* = 0.025) ([Fig. 2](#f0010){ref-type="fig"}), but was not different regarding the age at presentation and the *ATP7B* mutation.Fig. 2***HSD13B17*:TA allele frequency according to liver histology at diagnosis in 404 patients with Wilson's disease.** Patients with F2-F3 were combined as advanced liver disease (25 has also marked steatosis), those with F0-1 as mild liver disease (20 were F0 with minimal steatosis and 49 with marked steatosis with F0-F1). CH = chronic hepatitis like picture, none had signs of advanced fibrosis or fat accumulation. \**p* = 0.02 *vs*. advanced fibrosis/cirrhosisFig. 2

By univariate and multivariate logistic regression analysis only female sex and cirrhosis were significantly associated with severe hepatic disease ([Table 2](#t0010){ref-type="table"}). For this calculation severe hepatic disease was defined as the sum of patients presenting with decompensated cirrhosis, fulminant WD and hemolysis.Table 2Univariate and multivariate logistic regression of factors associated with severe hepatic disease.Table 2**UnadjustedAdjustedOR95% CI*p* valueOR95% CI*p* value**All patients Age (cont.)1.0030.982--1.0230.805 Sex (male)0.3560.222--0.571\< 0.0010.4670.269--0.8110.007 Hepatic copper content1.0000.999--1.0010.555 Cirrhosis7.1473.639--14.038\< 0.0016.9493.512--13.749\< 0.001 *HSD17B13:TA*[\*](#tf1000){ref-type="table-fn"}0.6070.378--0.9740.0390.5120.287--0.9160.024 Truncating mutation[\*\*](#tf0010){ref-type="table-fn"}0.8800.519--1.4900.633Patients \< 18 years Sex (male)0.2680.132--0.544\< 0.0010.2510.105--0.6010.002 Hepatic copper content (cont.)1.0000.999--1.0010.568 Cirrhosis5.0352.141--11.843\< 0.0014.9922.047--12.176\< 0.001 *HSD17B13*[\*](#tf1000){ref-type="table-fn"}0.3860.183--0.8160.0130.3810.148--0.9840.046 Truncating mutation[\*\*](#tf0010){ref-type="table-fn"}0.9960.501--1.9830.992Patients \> 18 years Sex (male)0.4630.244--0.8800.0190.7560.364--1.5710.453 Hepatic copper content0.9990.998--1.0000.232 Cirrhosis13.1473.917--44.124\< 0.00112.8793.833--43.280\< 0.001 *HSD17B13*[\*](#tf1000){ref-type="table-fn"}0.8820.469--1.6560.695 Truncating mutation[\*\*](#tf0010){ref-type="table-fn"}0.6810.289--1.6030.379[^2][^3][^4][^5][^6]

Discussion {#s0045}
==========

The major finding in this study was that the *HSD17B13:*TA allele had a potentially protective effect regarding the evolution of fulminant WD. A second result was that patients with mild liver disease (steatosis ± mild fibrosis or minimal changes) had a significantly higher *HSD17B13:*TA allele frequency than patients with more advanced liver disease. These latter findings are in line with reported observations in patients with fatty liver disease.[@bb0005], [@bb0010], [@bb0015] The protective effect of *HSD17B13:*TA was primarily seen in patients in the pediatric age group (see [Table 2](#t0010){ref-type="table"})

Fulminant WD is defined by the acute onset of coagulopathy and hepatic encephalopathy in a patient without evidence of preexisting liver disease. Jaundice may be present in these patients and may be enhanced by the accompanying Coombs negative hemolytic anemia or due to rapidly deteriorating liver function associated with hepatic decompensation, or a combination of both. The Nazer score/Kings College criteria are useful prognostic scores, but since laboratory data was not available on many of these patients at the time of their illness, we cannot calculate them. Retrospectively, we can assume that those patients with WD who were transplanted and presented with an acute onset of jaundice and liver failure met the definition for fulminant WD. All patients with fulminant WD were transplanted in Austria, Germany, Hungary and Croatia, all members of EUROTRANSPLANT and thus followed the same regulations.

Despite the picture of acute illness with rapid deterioration of liver function, the livers of patients with acute fulminant WD are cirrhotic or at least have advanced fibrosis at the time of clinical presentation. Similarly, most of the patients with Coombs negative hemolysis have cirrhosis. Eighteen of our 26 patients with hemolysis underwent liver biopsy, and 12 had cirrhosis (66.6%), 4 advanced fibrosis, and each one steatosis and minimal changes. As expected, 36 of the 41 patients with fulminant WD underwent high urgency liver transplantation and 5 died before a graft was available. Of the transplanted patients, 33 had cirrhosis (91.6%) and 3 advanced fibrosis. Most of the patients who developed acute fulminant WD started with hemolysis. At onset of jaundice a clear distinction of fulminant WD from WD with episodic hemolysis without liver failure is not possible. Many patients who developed acute fulminant WD had hemolysis prior to presenting with hepatic decompensation.[@bb0055]

There are no large series on patients with WD presenting with hemolysis. Most reported cases are case reports. The largest cohort (22 patients out of 321 patients seen) was described by J. Walsh.[@bb0060] Most patients were seen before liver transplantation was available. Eight of the 22 patients died shortly after admission of liver failure. Six patients were stable on chelation therapy after 4 to 48 years of follow-up, 8 were lost to follow-up. Roche-Sicot reported 3 cases starting with hemolysis that went on to fulminant liver failure.[@bb0065] Two-thirds of the patients with hemolysis in our series had cirrhosis. Meanwhile, many patients who developed fulminant WD had hemolysis at the onset of jaundice.

We defined Coombs negative hemolytic anemia as a distinct entity if it resolved spontaneously or by initiation of chelation therapy. Unfortunately, we did not collect all data necessary to calculate the modified Nazer score[@bb0070] in all patients. In an older paper from Germany 8 patients with fulminant WD are shown,[@bb0075] 3 of them underwent orthotopic liver transplants (including 2 patients in the current study; Nazer score: 7 and 8; HE grade 1-2). However, selected patients with a high Nazer score may survive due to improvement on medical treatment, as was shown in cases where no graft was available within the first days.[@bb0080] Nevertheless, acute liver failure seems to be associated with hemolysis, but hemolysis may also occur in the absence of fulminant hepatic failure.

The mechanisms of copper toxicity are incompletely understood, but copper can initiate free radical generation with subsequent oxidative changes in lipids or thiol proteins within hepatocyte organelles.[@bb0085] Oxidative stress plays a major role as a common mediator of apoptotic cell death, and cellular copper also causes a reduction in XIAP, further promoting apoptosis. The mechanism of cell death induced by copper likely involves both apoptosis and/or necrosis. Low-dose exposure of various stimulations such as heat, radiation, toxins, hypoxia, and anti-cancer drugs can induce apoptosis, and the same stimuli at higher dose may result in necrosis.[@bb0090]

The following cascade of events may take place: some injury triggers release of copper from hepatocytes. Free Cu is toxic and its sudden increase induces intravascular hemolysis and augments oxidative stress (possibly by release of heme iron that is taken back up into liver cells promoting further oxidative injury) resulting in damage of cellular macromolecules including DNA and proteins, accumulation of wild-type p53 and transcriptional transactivation of CD95L.[@bb0095] If copper release continues due to hepatocellular necrosis and apoptosis a vicious chain reaction leads to further progression and ultimately to liver failure. Depletion of glutathione (GSH) and total antioxidant capacity, as well as an increase in reactive oxygen species, malondialdehyde, and cytokines have been documented.[@bb0100], [@bb0105], [@bb0110] Furthermore, antioxidants may be protective against induction of CD95L.[@bb0095] In line, reduction of oxidative stress has already been incorporated into therapeutic concepts for treatment of fulminant hepatic failure.[@bb0115]

HSD13B17 could be involved in several steps of this cascade of events ([Fig. 3](#f0015){ref-type="fig"}). Whether the presence of the *HSD13B17*:TA allele is protective or the lower activity/ or absence of the wild-type allele decreases hepatocellular damage is unknown. This protein is involved in the regulation of lipid biosynthetic processes and has enzymatic activity for several bioactive lipid species implicated in lipid-mediated inflammation and retinoid homeostasis.[@bb0010] The *HSD13B17*:TA allele leads to a loss-of-function protein. Further studies on the regulation of HSD17B13 expression in the liver of patients with WD are needed to better understand the role of this protein. Since we have not stored liver issues in this study cohort, this must be done in future studies. There is evidence that vitamin A metabolites (retinaldehyde and retinoic acid) and retinol binding protein are associated with pathogenesis of hepatic steatosis, fibrosis, adipogenesis, and insulin resistance.[@bb0120], [@bb0125] The retinol-dehydrogenase activity of HSD17B13 may be involved in the complex nuclear receptor interaction in non-alcoholic fatty liver disease, via activation of the retinoic acid receptor.[@bb0130]Fig. 3**Schematic presentation of the potential action of HSD17B13 on the evolution of fulminant Wilson's disease.** A primary trigger for liver injury leads to hepatocellular necrosis resulting in the release of copper. The increase of copper concentration in serum leads to destruction of erythrocytes, and together with copper in in the extracellular liver tissue to further death of hepatocytes. This cycle of events may ultimately lead to liver failure. We assume that *HSD17B23*:TA may protect hepatocytes.Fig. 3

An interesting observation is that none of the male patients with fulminant WD carried the *HSD13B17*:TA allele, while 7 of the female patients were TA heterozygotes and one was even *HSD13B17*:TA homozygous (*p* = 0.07). Since the enzymatic activity HSD17B13-isoforms were associated with reduced affinity against estradiol1 this observation further underlines the impact of gender on the phenotypic presentation of WD.[@bb0035] The interaction of HSD17B13 with estrogens remains to be investigated.

Limitations of the study are the retrospective data analysis and the lack of a central pathologist. The degree of fibrosis and steatosis was calculated from the description of the local pathologist. This may have impacted the analysis of the *HSD13B17*:TA allele frequency according to liver histology ([Fig. 2](#f0010){ref-type="fig"}). Liver biopsies were not performed in all patients. Finally, there was no external validation cohort which was not available due to the rarity of the disease with its highly variable phenotypic expression.

In summary, the *HSD17B13*:TA allele may modulate the phenotype and outcome of WD by reducing the transition from copper induced hemolysis to fulminant WD. Furthermore, it is associated with milder histological changes. Whether these observations can lead to new treatment strategies remains to be explored. However, it may help us better understand the phenotypic variability of WD with respect to specific extragenic effects on the natural history of the disease.
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[^1]: Chronic hepatitis like picture, none had signs of advanced fibrosis or fat accumulation. WD, Wilson's disease.

[^2]: Severe hepatic disease was defined as the sum of patients presenting with decompensated cirrhosis, fulminant Wilson's disease and hemolysis.

[^3]: Liver biopsy was available in 404 patients; Hepatic copper content was measured in 222 patients.

[^4]: OR, odds ratio.

[^5]: TA/T or TA/TA.

[^6]: presence of at least one truncating mutation in ATP7B (N = 32; all compound heterozygotes with H1069Q; 2302dupC, 3402delC, W779X, V845Sfs, I945T-fs, G1011X, I1330I-fs, V1282L-fs, Q1372X, V1366G-fs).
